ABSTRACT: Regeneration of dye sensitizer molecules by reducing species contained in the electrolyte is a key mechanism in liquid dye-sensitized solar cells because it competes kinetically with a detrimental charge recombination process. Kinetics of the reduction by iodide ions of the oxidized states (S + ) of two Ru II complex dyes and four organic π-conjugated bridged donor−acceptor sensitizers were examined as a function of the electrolyte concentration. Results show that two different cases can be distinguished. A sublinear behavior of the regeneration rate and a plateau value reached at high bulk iodide concentrations were found for N820 ruthenium dye and interpreted as being due to an associative interaction involving the formation of (S + , I − )···I − surface complexes prior to the reaction. On the other hand, feeble reaction rates at low electrolyte concentrations and a superlinear behavior are observed predominantly for the organic dyes, pointing to a repulsive interaction between the dyed surface and iodide anions. At higher iodide bulk concentration, a linear behavior is reached, providing an estimate of a second-order rate constant. A correlation of these two opposite behaviors with the structure of the dye is observed, emphasizing the role of sulfur atoms in the association of I − anions in the dye-sensitized layer. These findings allow for a better understanding of the dye−electrolyte interaction and of the effect of the iodide concentration on the photovoltaic performances of dye-sensitized solar cells.
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■ INTRODUCTION
Dye-sensitized solar cells (DSSCs) can efficiently convert solar light into electricity. 1 In this type of photovoltaic device, absorption of light by a molecular dye adsorbed at the surface of a mesoporous oxide film anode, such as TiO 2 , is followed by electron injection from the dye's electronic excited state into the conduction band of the solid. 2 This primary charge separation step takes place on an ultrafast time scale with a time constant of a few femtoseconds for the most efficient dye sensitizers. 3, 4 Charge recombination between the injected electron and the positive charge left on the oxidized dye is a much slower process, as it typically occurs in the microsecond− millisecond time scale. 5 This energy-wasting reaction is prevented by quickly regenerating the oxidized dye by a redox mediator, whose function is to reduce the dye sensitizer back to its original state and to transport positive charges to a counter electrode. State-of-the-art devices using triiodide/ iodide redox couple in combination with ruthenium polypyridyl complexes or organic dye sensitizers exhibit photovoltaic power conversion efficiencies over 11%. 6, 7 Triiodide/iodide redox couple (I 3 − /I − ) is endowed with several interesting properties. It has a suitable redox potential allowing for efficient dye regeneration, and it does not absorb much light. Electrolytes with very high iodide concentrations up to 6 mol L −1 can be obtained using a pure iodide ionic liquid or by dissolving it in an appropriate solvent. The reduction of the triiodide species by photoinjected electrons on the surface of TiO 2 is very slow and therefore limits the cathodic dark current because of this energy-wasting recombination process. 8 Other electrolytes, based on one-electron redox couples, such as in particular [Co(bpy-pz) 2 ] 3+/2+ , have been shown recently to allow for improved conversion efficiencies. 9, 10 However, in contrast with these mediators, the two-electron I 3 penetrating into the pores of the oxide anode can always come into contact with the conductive glass, this unique advantage prevents short-circuits and alleviates the need for depositing a dense oxide blocking underlayer between the F-doped SnO 2 -coated glass and the mesoporous TiO 2 film.
The chemical particulars of iodide oxidation with transitionmetal compounds in solution have been known for a long time. However, the detailed knowledge of the redox chemistry at sensitized electrodes is more recent and still incomplete. 5 The present study focuses on the dynamics of the regeneration reaction at open-circuit conditions (eq 2) with M ≡ I − and its dependence upon iodide concentration.
The • does not benefit from a large driving force and is likely to be a rather slow process. However, recent studies indicate that single iodide reaction mechanism yielding iodine atom formation might play a significant role in the sensitizer regeneration. 11, 12 Oxidation of iodide to I 2 − • is characterized by a lower standard potential φ
Although involving the exchange of one electron, this process entails the simultaneous reaction of two I − anions with one S + . One could conceive that in highly concentrated electrolyte solutions and ionic liquids, I
− ions come so close to each other that concerted electron-transfer and bond formation reactions to yield I 2 − • become possible (eq 5). In the general case, however, the most likely mechanism would rather require a rapid association pre-equilibrium established between the oxidized dye and iodide to form (S + , I − ) pairs (eq 6). Further reaction of (S + , I − ) pair with I − can then proceed by a bimolecular mechanism to yield I 2 −• species (eq 7), which eventually disproportionates to produce I − and I 3 − (eq 8). This bimolecular process is shown to be, kinetically and thermodynamically, the limiting step in the overall regeneration reaction. 14 The literature is very rich in tentative explanations about the interception mechanism of oxidized ruthenium dye. 5, 15, 16 However, reports of interception dynamics for organic π-conjugated bridged donor−acceptor (D-π-A) dye remain poor. 17 In particular, the formation of the initial (S + , I − ) pair mechanism remains ill defined.
Iodide−Dye Interactions. Dyes, either in their ground or excited states, might bind iodide species, especially in the case of ruthenium dyes. 18 The reaction of a ruthenium dye either in its ground state or oxidized form with one iodide ion might lead to the formation of an intermediate complex. 19, 20 Computational studies demonstrated that an iodide anion in the vicinity of an isothiocyanate ligand can have its electron already partially delocalized into the dye. 21 The interception of oxidized ruthenium tris(bipyridyl) dye also suggested a difference between the bulk iodide concentration and the concentration in the vicinity of the dye, revealing the importance of the titania surface charge. 22 This has been highlighted as the dye regeneration appears to be faster when using cations such as Li + in the electrolyte, favoring higher local concentration of iodide in the TiO 2 vicinity because of the adsorption of lithium cations onto the surface. 19 In the case of a ruthenium phtalocyanine, the formation of a complex with iodine is postulated, leading to a local increase of iodide species. 23 Isothiocyanate groups contained in state-ofthe-art ruthenium dyes can be released from the dye and form a complex with iodine species as observed by Raman spectroscopy. 24 Interactions of iodide species with the reduced and oxidized states of the dye cis-bis(isothiocyanato) bis(2,2′-bipyridyl-4,4′-dicarboxylato ruthenium(II) (N3) have been investigated by means of density functional theory (DFT). 25, 26 Also, adduct formation with iodine has been studied by X-ray diffraction. 27 These studies reveal interactions between iodide or iodine and the sulfur atom of the isothiocyanate ligand as well as ligand-exchange reactions between I − and SCN − moieties. Interaction of iodide with bipyridyl rings of the dye is also proposed.
In the case of π-conjugated bridged donor−acceptor (D-π-A) organic dyes, the absence of isothiocyanate groups leads to the consideration of other interaction sites. Organic dyes that exhibit good cell performance have a π-conjugated bridge that contains thiophene units or its derivatives. 28 Sulfur atoms, once more, might therefore constitute potential binding sites for iodide anions.
Concentration Dependence of Regeneration Kinetics. The first report of Ru II -polypyridyl compound regenerated by iodide on the surface of titania, using potassium iodide aqueous solution, was published in 1988. 29 Since this first study, there have been many efforts to abstract the rate at which the dye ground state is regenerated. Knowledge about the regeneration mechanism is crucial to DSSC development; the relationship between the dye structure and the regeneration rate is especially relevant to dye design. Reports use transient absorption spectroscopy based on the oxidized dye absorption or ground-state bleaching because they are good probes for quantifying rate constants; however, more detailed studies are needed to provide reliable information regarding the intrinsic mechanisms underlying the reduction. Anderson et al. have proposed a detailed protocol for determining the kinetics of the oxidation of iodide and found a first-order reaction for iodide regeneration. 16 This study involves measurement at shortcircuit on complete DSSC devices and at iodide concentrations lower than that in the present study, rendering extensive comparison difficult. In general, and based on the N3−TiO 2 system, the use of a low concentration of iodide leads to regeneration kinetics being first-order with respect to iodide concentration, whereas at higher concentrations, a static component is often observed. For oxidized Ru bipyridyl complex dye in the presence of 0.5 mol L −1 I − , the typical regeneration reaction time constant lies in the range of 1 μs. 19 Regeneration of Z907Na, a dinonyl amphiphilic derivative of N3, on the surface of dye-sensitized mesoporous titania electrodes has been probed with transient absorbance spectroscopy as a function of the iodide concentration. A repulsive interaction between the sensitized TiO 2 surface and iodide was inferred, which emphasizes the need for a sufficient iodide concentration to quantitatively regenerate the dye. 30 At moderate iodide concentrations
, the kinetic redundancy between the regeneration (eq 7) and the recombination (eq 3) is still important; therefore, results obtained at iodide concentration greater than 0.1 mol L −1 represent the regeneration reaction decoupled from the back electron transfer. 31 In the present work, we studied the regeneration of oxidized dyes by iodide for two amphiphilic ruthenium dyes, N820 and Z907Na, varying the length of substituent alkyl chains and therefore the accessibility of the reaction site. A base was conjointly used to modify the adsorption of the dye and therefore the dye concentration on the surface. We also report on regeneration dynamics of a series of four organic D-π-A dyes (C201, C203, C204, and C205) having various bridge units affecting the iodide approach and association possibilities. The rate of regeneration of the dye by the electrolyte was probed by time-resolved absorption spectroscopy, while the iodide bulk concentration in the electrolyte was systematically varied between 0.1 mol L −1 and 6.1 mol L −1
. Significantly different behaviors were observed for the various dyes, suggesting two types of mechanisms for the reduction of oxidized dye species by iodide at the surface of mesoporous titania.
■ EXPERIMENTAL METHODS
Dyes. Two amphiphilic ruthenium dyes were used in this study, Z907Na (sodium[cis-bis(thiocyanato)-(2,2′-bipyridyl-4-carboxylate-4′-carboxylic acid)(4,4′-dinonyl-2,2′-bipyridyl)-ruthenium(II)]) and N820 (cis-bis(thiocyanato)-(2,2′-bipyridyl-4,4′-dicarboxylic acid)(4,4′-dimethyl-2,2′-bipyridyl)-ruthenium(II)). These dyes have alkyl substituents of different lengths (nonyl and methyl groups, respectively) grafted onto the bipyridyl ligand that faces the surrounding medium. They exhibit similar absorption spectra, as the chromophore groups are identical.
A series of four organic dye sensitizers, coded C201, C203, C204, and C205, was also studied. 28, 32, 33 These are D-π-A organic dyes with the same donor and anchoring groups. Their common core is 3-{5′-[N,N-bis(9,9-dimethylfluorene-2-yl)-phenyl]-(bridge)-5-yl}-2-cyanoacrylic acid. The triarylamine moiety is a hole-acceptor unit often found in organic optoelectronics. 34 The π-conjugated bridge unit is composed of two or three fused thiophene rings for C201 and C203, respectively. In C204 and C205, one and two 3,4-ethylenedioxythiophene (EDOT) moieties are present, respectively.
Electrolytes. The electrolyte used in this study was based on iodide-reducing species. It was made by diluting 1,3-propylmethylimidazolium iodide (PMII) pure ionic liquid in 3-methoxypropionitrile (MPN) solvent. This allowed the preparation of solutions with iodide concentration ranging from 0 to 6.1 mol L −1
. Titanium Dioxide. Anatase titanium dioxide mesoporous films of 4.8 to 9.6 μm thickness were used. A paste containing TiO 2 16 nm diameter particles (14 wt %), a polymer (ethylcellulose), and various additives was prepared. The paste was doctor-bladed onto a glass substrate and then calcined at a temperature of 470°C for 25 min. The resulting layer had a porosity of 0.625, allowing for a high dye uptake.
Samples. Films were immersed overnight in a 0.5 mmol L −1 dye ethanolic dye solution. Prior to being dyed, the films were briefly heated to 200°C to remove residual water trapped within the porous network and therefore favor the subsequent dye adsorption. After being dyed, the films were rinsed with ethanol and covered with the desired electrolyte and a thin glass plate. Transient Absorbance Spectroscopy. An optical parametric oscillator (OPO-355, GWU) was pumped by a Continuum Powerlite 7030 frequency-tripled Q-switched Nd:YAG laser (λ = 355 nm; 30 Hz repetition rate, 3 W average power). The output of the OPO (5 ns full width at halfmaximum) was typically tuned at wavelengths between 530 and 650 nm to excite the dye sensitizer adsorbed on TiO 2 . The beam was expanded to cover the whole sample, and its energy was attenuated down to a fluence below 30 μJ cm −2 , corresponding to the injection on the average of less than one electron per nanoparticle. The output of a xenon arc lamp, filtered through a monochromator and various filters, constituted the probe beam. It was focused onto the sample on a typical 0.2 cm 2 area and then collected through a second monochromator. Both monochromators were tuned at the desired probe wavelength. A fast photomultiplier tube (R9110, Hamamatsu), only 3 dynodes of which were used, detected the probe light. A digital signal analyzer (DSA 602 A, Tektronix) then recorded the induced transient electrical signal. Averaging over ca. 2500 laser shots was typically required to obtain a satisfactory signal-to-noise ratio ( Figure S1 of Supporting Information).
■ RESULTS AND DISCUSSION Ruthenium Dyes. Nanosecond time-resolved transient absorption spectroscopy was applied to N820-and Z907Na-sensitized TiO 2 films covered by pure MPN solvent. Upon pulsed laser excitation at λ = 600 nm, the oxidized form S + of both dyes, resulting from the ultrafast charge injection into the titanium dioxide conduction band (eq 1), was observed by monitoring its optical absorption at probe wavelengths of 650 and 680 nm, respectively. 30, 35 In the absence of the redox mediator, the S + population decays in the microsecond− millisecond time-scale because of the back electron-transfer process (eq 3). An experimental half-reaction time t 1/2 = 60 μs was measured for N820 dye-sensitized mesoporous TiO 2 in pure MPN. 36 Provided the excitation fluence is kept very low, as to ensure that the average number of electrons injected per TiO 2 nanoparticle is less than 1, the observed kinetics is essentially exponential, and a first-order rate constant k b = ln(2)/t 1/2 = 1.16 × 10 4 s −1 is inferred. In a redox-active electrolyte with 0.1 mol L −1 iodide, the decay of the oxidized dye population becomes significantly faster, with k = 3.0 × 10 . This dynamics is assigned to the regeneration reaction (eq 4) and is sufficiently fast to be decoupled from the back electron-transfer process. The Z907Na oxidized species has an experimental half-lifetime of 400 μs (k b = 1.7 × 10 3 s −1 ) in MPN, about seven times longer than that of N820. The nonyl chains attached to one of the bipyridyl ligands of Z907Na dye
The Journal of Physical Chemistry C apparently result in an increase of the distance from the TiO 2 surface to the Ru 3+ center over which back electron transfer has to take place. Long hydrophobic alkyl chains are responsible for the increased stability of the dye sensitizer in DSSCs. 37 They tend, however, to constitute a barrier for the approach of iodide anions that have to reach the Ru 3+ center of the oxidized dye to reduce it to Ru 2+ . This effect is evidenced by the regeneration dynamics of Z907Na, whose rate constant is reduced by a factor of 10 compared to that of the reaction with the reference dye N3. 30 ] b can therefore be considered as being constant throughout the process, yielding a pseudo-first-order rate law:
with
If the reaction involves a sufficiently fast pre-equilibrium regarding the association of one iodide anion with S + (eqs 6 and 7), the pseudo-first-order rate law can be expressed as . This lower value of k max reflects a concentration [I − ] s,max smaller than that in the absence of NMB and therefore suggests that the number of active sites likely to be occupied by iodide anions is reduced because part of the dyed surface is occupied or passivated by adsorption of NMB molecules.
The formation of (S, I − ) pairs prior to photoinduced charge injection and that of (S + , I − ) involving the oxidized dye species have already been discussed. 5, 15, 16 The isothiocyanate pseudohalide groups present on heteroleptic Ru II complex dyes in particular are believed to play an important role in offering 19 However, the very high ionic strength imposed by the concentrated electrolyte is expected to screen in a large extent electrostatic interactions. This would then allow negatively charged I − species to approach the surface and accumulate locally within the adsorbed dye layer.
In contrast with the results obtained with the N820 dye, the dependence of the regeneration reaction kinetics upon iodide concentration observed for the Z907Na complex sensitizer does not follow a Langmuir behavior (Figure 1 ). Rather, a superlinear increase (concave upward function) of the regeneration rate is observed with a very low initial slope. , implying the minimum mean interparticle distance between two iodide anions adsorbed within the dyed layer is (2.05 nm
−1/3 = 0.8 nm. This value corresponds approximately to the separation distance between two sensitizer molecules on the surface and thus is compatible with the picture of one iodide anion associated with each (S + , I − ) pair. The comparison of the regeneration dynamics measured for both ruthenium dyes N820 and Z907Na shows that increasing the length of the substituting alkyl chains results in a reduction of the rate constant. This can be related to the results reported for a series of amphiphilic ruthenium dyes with alkyl chains, whose length was varied from C 1 up to C 18 . At a constant concentration [I − ] b = 0.6 mol L −1 , the observed trend clearly indicates that the regeneration dynamics is related to the alkyl chain barrier length: the longer the barrier, the slower the regeneration process. 38 Organic Dyes. The time evolution of the population of the oxidized form S + of the four D-π-A organic dyes C201, C203, C204, and C205 was monitored upon pulsed photoexcitation and subsequent ultrafast charge injection into the conduction band of TiO 2 . Excitation wavelengths ranged from 505 to 530 nm. Probe wavelengths were chosen on the basis of photoinduced absorption spectra ( Figure S2 of Supporting Information) and ranged between 650 and 700 nm. In the absence of iodide, the half-reaction times for the decay of S + through their recombination with conduction band electrons in TiO 2 were between t 1/2 = 245 μs for C203 and 1 ms for C201. The dynamics of the back electron-transfer process in those cases is therefore quite comparable to that measured for Ru II complex dyes. Upon addition of iodide in the electrolyte, the kinetics of the S + population due to the regeneration reaction was observed to be quite different for the various dyes, with 1/t 1/2 values spreading over two orders of magnitude. C201 yielded the higher rate constant, while C205 appeared to be regenerated very slowly. C203 and C204 exhibit similar intermediate time scales for the regeneration of their ground states by iodide. Data reported in Figure 2 show that none of the four organic dyes display a sublinear iodide concentration-dependence of the rate constants that would point to an attractive behavior. . This latter value is approximately 18 times larger than that of k 2 derived for the Ru II complex dyes. It even exceeds by a factor of 2 the initial slope measured for N820 dye at [I − ] b → 0. An intrinsically faster reaction rate could be rationalized by a shorter reaction distance, a more favorable thermodynamics, and/or a reduced reorganization energy associated with the electron-transfer process in the organic dyes. 39 Because the driving force of the one electron-transfer process is rather small, the latter should display a normal Marcus kinetic behavior. 40 Heteroleptic Ru II -complex dyes, whose structure is comparable to that of N3, such as N820 and Z907Na, are characterized by a standard oxidation potential in solution ϕ 0 = Figure 2 . Inverse of the half-reaction time 1/t 1/2 for the regeneration of oxidized dyes C201, C203, C204, and C205 measured as a function of the bulk iodide concentration. The ordinate of data points recorded for the C205 dye is expanded by a factor of 10 for ease of reading.
The Journal of Physical Chemistry C +1.10 V/SHE. 41 The oxidation potential of all four D-π-A organic dyes must as well be very similar, as this characterizes the common triarylamine donor function. A value ϕ 0 = +1.00 V/SHE has been reported for C204. 42 This 100 mV difference, with an increased driving force in favor of the ruthenium compounds, is incompatible with the observed dynamics. The difference in thermodynamic driving forces for the reduction of S + does not appear to provide a rationale for the observed change of the intrinsic rate of the reaction. As well, the reorganization energy for electron transfer is expected to be significantly smaller in Ru II complex dyes than for D-π-A organic molecules. 39 An increase of the reaction rate in the case of the C201 sensitizer must then be related to other factors, including molecular geometry affecting the approach of iodide anions to the reaction center and the equilibrium constant The disparity of the regeneration reaction rates observed between the organic dyes should be related to their molecular structure. The fluorene groups grafted onto the triarylamine hole-acceptor moiety are similar for the four dyes. Therefore, the ease of access of iodide anions to the central amine, where we expect the positive charge to be localized in the S + species, should be comparable in all cases. The electron-accepting cyanoacrylate unit, also allowing for anchoring the sensitizer molecule onto the TiO 2 surface, is identical for the four dyes. No difference in the mode and geometry of adsorption onto the surface should therefore be relevant. However, the different π-conjugated bridges equipping the C20x dyes can be distinguished in terms of the potential binding sites they might offer to iodide anions. By analogy with Ru II -complex dyes, where the thiocyanate ligands appeared to play an important role in the dye−electrolyte interaction, sulfur atoms contained in the thiophene rings are likely to control the equilibrium of the association of iodide with the oxidized sensitizer and the formation of (S + , I − ) pairs. Therefore, we propose a qualitative explanation based on the interaction between the sulfur atoms of the π-conjugated bridges and iodide. This interaction renders relevant the electrostatic potentials of these bridging groups. Despite the dielectric medium, local electrostatic interactions at short distance could alter the availability of sulfur sites for binding iodide and hence modify the equilibrium constant of eq 6. Figure 3A provides a schematic representation of the structure of the ground state of the four dyes (S), whose geometries were optimized by using MO-G (MOPAC) semiempirical molecular orbital calculation method along with PM6 Hamiltonian (Fujitsu Scigress v.3.1.6 software). Figure 3B shows the electrostatic potential mapped on the electronic density surfaces for the different dye molecules in their oxidized state (S + ) as computed using MOS-F (PM6) semiempirical method. For C201, the electrostatic potential map suggests that the sulfur atom next to the cyanoacrylate anchor (marked by an arrow in Figure 3B ) is more likely to bind one iodide anion. The same is true for C203. In this case, the much lower regeneration rate could be explained by the curved geometry of the molecule on the surface. Neighboring C203 sensitizers anchored on TiO 2 may form a tight barrier deterring the approach of I − next to the sulfur binding sites. This steric hindrance effect is also likely to take place for C204 ( Figure 3A ). It could, however, be partially compensated by a shorter distance separating the sulfur binding site and the nitrogen atom in the triarylamine moiety, which is likely to speed up the electron-transfer process. While for C201 this distance is 9.4 Å and extends to 10.8 Å for C203, it is only 6.8 Å in C204. The C205 molecule gathers several detrimental characteristics justifying its very slow regeneration kinetics. The electrostatic potential map indicates that the oxidized amine moiety in C205 is globally negatively charged. The approach of iodide anions to the reaction site must then be restricted. Steric hindrance due to the slanted conformation of the molecule on the oxide surface and a large distance of 10.9 Å separating the sulfur potential binding site from the oxidized amine also contribute to the same result.
■ CONCLUSION
The study of the kinetics of reduction by iodide of oxidized dye sensitizer molecules adsorbed on TiO 2 contributes to the understandings of the light-absorber regeneration mechanism in liquid electrolyte DSSCs. In this work, we monitored the time evolution of the population of dye-oxidized states S + by time-resolved spectroscopy. The observed decay kinetics reflects the reduction of S + species by I − anions and takes place in the microsecond time domain. The time resolution of our experimental setup (<10 ns), as well as femtosecond pump−probe spectroscopy experiments carried out on similar systems, 43 allowed the conclusion that there is no faster kinetic step for dye regeneration. In the presence of a large excess of iodide, the reduction dynamics was found to consistently follow a pseudo-first-order rate law. Details regarding the mechanism of the regeneration reaction were deduced from the dependence of S + reduction rate constant upon bulk iodide concentration for Z907Na Ru II complex and k 2 = 1.1 × 10 6 mol −1 L s −1 for C201 organic D-π-A dye. A qualitative rationale of the kinetic behaviors based on the molecular structures of the dyes is proposed.
For the purpose of designing new dyes to be used with iodide-based electrolytes in dye-sensitized solar cells, it is inferred that the insertion of an easily accessible site capable of binding I − anions at a short distance to the moiety carrying the lowest unoccupied molecular orbital of the dye might be a good strategy.
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Page S1 Figure S1 : Normalized transient absorbance traces of dye C203|TiO2, λex = 525 nm, λobs = 650 nm. Figure S2 : PIA spectra of C201|TiO2 (-), C203|TiO2 (--··--), C204|TiO2 (···), C205|TiO2 (--·--), λex = 470 nm at 9 Hz in air. 
